have demonstrated an age-related decrease in hepatic malic enzyme (ME) levels and in the response of ME to triiodo-L-thyronine (T3). Moreover, we have recently shown a synergistic interaction of T3 and a high carbohydrate diet in the induction of this enzyme. Studies were therefore undertaken to assess the response of aging rats to a high carbohydrate diet and to test the effect of such dietary manipulations on the responsiveness of ME to T3. For this purpose, a new radioimmunoassay for ME was developed that, because of a 10-fold higher sensitivity, was particularly suited to the measurement of the low concentrations of hepatic enzyme in older animals. The level of ME per milligram of DNA fell -70% between 1 and 6 mo with only minor further changes demonstrated between 6 and 18 mo. In contrast, the level of ME per milligram DNA in brain was slightly increased in the older animals. Although the absolute increment of hepatic ME resulting from seven daily injections of T3 (15 ,g/100 g body wt) fell with age, the ratio of the ME content per milligram DNA to that observed in control animals maintained on a regular chow diet remained relatively constant with an average value of 11.1. The responsivity of hepatic ME to a high carbohydrate, fat-free diet also decreased with age and could not be attributed exclusively to a reduction in food consumption. The agerelated reduction in ME responsivity to dietary stimuli appeared to be due to a reduction in the formation of the specific messenger, (m)RNA for ME as determined in an in vitro translational assay. Our data are consistent with the following hypothesis. There is an age-related 
INTRODUCTION
In a previous study we have shown that in rat liver there appears to be a progressive age-related decrease in the level of two triiodo-L-thyronine (T3)1 responsive enzymes, cytosolic malic enzyme (ME), and mitochondrial a-glycerophosphate dehydrogenase, as well as a decrease in the response of the enzymes to a single injection of triiodothyronine (T3) (1) . Since differences in basal enzyme levels and their response to T3 could not be attributed to alterations in nuclear T3 occupancy, we concluded that these age-related changes reflected postreceptor modifications of the T3 nuclear signal. In more recent studies from our laboratory we have also shown what appears to be a synergistic interaction between thyroid hormone and a factor associated with a high carbohydrate, fat-free diet in the induction of ME and other lipogenic enzymes (2) . The concept was advanced that the stimulus for the generation of the specific messenger (m)RNA coding for ME represented the product of the signal derived from the T3 nuclear interaction and that derived from the carbohydrateinduced stimulus. As a corollary of this formulation, it appeared at least theoretically possible that the diminished response of ME to T3 in the aging rat was related to a primary reduction in the carbohydrate-generated signal. Accordingly, we undertook a series of experiments to assess the response of the aging animals to a high carbohydrate diet and the influence of concomitant T3 administration on such dietary manipulation. We specifically examined the relationship between daily food intake and the intrinsic hepatic responsivity to the induction stimulus. In order to increase the sensitivity of our measurements in the aging rat and to be certain that we were determining enzyme mass rather than activity we developed a new radioimmunoassay for this enzyme. Our findings further emphasize the important influence of carbohydrate metabolism on the expression of thyroid hormone effects at a postreceptor level. The results document an age-related diminution in hepatic lipogenic enzyme response to dietary carbohydrate administration, which may be central to the decreased responsivity to T3.
METHODS
Male Sprague-Dawley rats from 1 to 18 mo of age were purchased from Taconic Farms, Germantown, N. Y. Control rats were maintained on Purina Lab Chow (Ralston Purina Co., St. Louis, Mo.).'Groups of rats were treated with daily intraperitoneal injections of 15 ug of T3 (Sigma Chemical Co., St. Louis, Mo.) per 100 g body wt for 7 d. Dietary induction of ME was carried out by feeding rats a high carbohydrate diet (fat free test diet, ICN Nutritional Biochemicals, Cleveland, Ohio) for 4 d. This diet differs from the normal lab chow mainly in the absence of fat and in the presence ofall carbohydrate in the form of a simple sugar, sucrose (60% by weight) (3) .
The methods utilized for preparation of purified rat hepatic ME and rabbit anti-ME anti-serum have been previously described (4) . Rat hepatic and brain cytosol was prepared by centrifugation of 10% tissue homogenate in 0.32 M sucrose -3 mM MgCl2 at 158,000 g for 60 min in a Beckman TY65 rotor (Beckman Instruments, Inc., Fullerton, Calif.). Purified ME was iodinated by the method of Bolton and Hunter (5) . Standard curves, ranging from 5 to 250 ng were routinely included in all assays. All samples were diluted in phosphosaline buffer (0.01 M sodium phosphate -0.15 M sodium chloride -0.1% sodium azide) containing 1% bovine serum albumin. Sample volume used for standards or cytosol, was 400 ,ul to which were added 100 ,ul of the anti-ME antiserum (diluted 1/5,000 in phosphosaline buffer containing 3% normal rabbit serum), and 100 IAl of phosphosaline buffer -1% bovine serum albumin containing -10,000 cpm of 1251_ labeled ME. This mixture was incubated for 24 h at 4°C. At the end of this period 100 ,ul of a 1:1 dilution of goat antirabbit serum antiserum (Antibodies, Inc., Davis, Calif.) in phosphosaline buffer -1% bovine serum albumin were added and the mixture incubated for a further 24 h. At that time samples were centrifuged and decanted. The resulting pellets were counted in a Packard Autogamma (Packard Instruments, Inc., Downers Grove, Ill.). Calculations were performed by use of a computer program kindly supplied by Dr. David Rodbard (National Institutes of Health) for best fit of log-dose response data (6) . ME activity was measured by the method of Hsu and Lardy (7) . 1 U of activity was defined as that amount of enzyme required to reduce 1 nmol of NADP+ in 1 min. Specific activity of the purified ME was 39,600 U/mg.
Quantitation of the binding capacity of the specific T3-nuclear receptors in rat liver was carried out as previously described (8) . Nuclear content of specifically bound T3 was calculated from the product ofthe nuclear/plasma [125I]T3 ratio and the plasma concentration of T3 (9) . Plasma T3 concentration was measured by the immunoassay method of Surks et al. (10) . The activity levels ofthe mRNA for ME were quantitated using a previously described in vivo translational assay in an endonuclease-treated reticulocyte lysate system (4). Average daily food intake was measured during a period of 4 d. Younger animals were housed four per cage. Older rats (6 to 27 mo) were grouped two per cage. Measurements were made for at least four groups at each age.
For the determination of the rate of plasma disappearance of T3, rats at 2 mo and 2 y of age were injected intravenously with a tracer dose (5 ng/100 g body wt) of [125I]T3. Serial blood samples were taken from the cut tail. Aliquots of plasma were treated with TCA to remove accumulating [125I]_ iodide (11) . DNA was measured as described by Giles and Myers (12) and RNA according to Munro and Fleck (13) . Protein was measured by the method of Lowry et al. (14) .
RESULTS
Radioimmunoassay for ME. A representative standard displacement curve obtained by the logit-log transformation of values and a best fit computer generated curve is illustrated in Fig. 1 . The intraassay coefficient of variation was 10% whereas interassay coefficient of variation averaged 15 .5%. Fig. 1 Malic Enzyme (log ng) FIGURE 1 RIA of ME. *, represent duplicate samples of increasing concentrations of purified rat hepatic ME prepared as previously described (4) . A best-fit curve was computed using the logit-log linearization program of Dr. D. Rodbard (National Institutes of Health), Bethesda, Md. (7) . The data are then plotted in conventional fashion. ---, 95% confidence limits of the curve. Serial dilutions of rat brain cytosol (*) were simultaneously assayed as described in Methods. The parallelism of these points to those of the standard curve indicates identity of the immunologic determinants of ME from liver and brain: B/Bo = ratio of total counts per minute bound at any concentration to the cpm bound at the lowest concentration used.
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"0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 Malic Enzyme ng/ml Cytosol FIGURE 2 Comparison of the mass of hepatic ME measured by RIA with the ME activity measured by conventional spectrophotometric assay (8) . Hepatic cytosol from animals on regular diet, high carbohydrate diet, and under treatment with T, was analyzed. *, 1 mo rat; 0, 6 mo rat.
quantitation of brain ME. The correspondence between concentrations of ME mass measured by radioimmunoassay (RIA) and ME activity determinations performed by a standard spectrophotometric assay is illustrated in Fig. 2 . The large range in ME concentrations was obtained by the intraperitoneal injection of T3 (200 ,g/100 g body wt) into 1-and 6-mo-old animals for a variable number of days. The correlation coefficient between the standard spectrophotometric assay and the RIA was 0.98, confirming earlier inferences that the changes in ME activity reflected changes in enzyme mass (1) . We estimated from the specific activity of purified preparations that the limit of resolution ofthe spectrophotometric method was 235 ng/ml cytosol, whereas the limit for the RIA is only 25 ng/ml cytosol. The enhanced sensitivity was especially helpful in our studies of the ME activity in older rats since the basal concentration of this enzyme in such animals was exceedingly low. Nuclear binding parameters as a function of age. Table I lists nuclear T3 binding parameters as well as some general biochemical characteristics of liver in relationship to age. In confirmation of our previous report, the concentration of plasma T3 was higher in animals at 1 mo of age (0.67+0.04 ng/ml) than in the older groups in which it ranged from 0.38+0.05 to 0.48+0.07 ng/ml. The nuclear T3 content determined from the product of the isotopic nuclear/plasma [1251]T3 ratio and the plasma T3 RIA, remained remarkably constant the diet was combined with T3 it was given during the last 4 of the 7 d of hormone treatment. R = ratio of ME in T3-treated rats to the untreated control animals. AME = T3-induced increment in ME above basal levels.
over the age span examined. The binding capacity determined from whole nuclear assays also showed singularly little variation. The fractional occupancy of T3 (=nuclear T3 content/binding capacity) averaged -50%. No significant age-dependent alterations in the nuclear T3 affinity constant2 were observed in the 2Note that the association constant for whole nuclear T3 binding cited in our previous studies (1) is approximately five times greater than the comparable value cited in this report (Table I) . In large part, this is due to an inadvertent error in the calculation ofour previous data. The results should have averaged -0.5 nM. Thus, our current results are actually approximately twice those in the earlier study, a discrepancy that is probably within the interassay variation of the method. Of particular pertinence was that in neither study was there a significant age-related change and the constancy of the in vitro assay was supported by the estimated nuclear T3 content based on in vivo isotopic measurements. whole nuclear assay. Neither were there significant changes in the DNA per gram liver, the total cellular RNA/DNA ratios, or the cytoplasmic protein content per gram liver. Liver weight as a percentage of total body weight fell significantly from 1.5 to 6 mo (4.0 -2.8%, P < 0.001). Total body weight continued to increase markedly over the first year of life, after which the rate of increase slowed. ME and protein levels in liver and brain as a function of age. Fig. 3 illustrates the results of measurements ofthe basal cytosol ME content ofliver and brain in animals of different ages. In agreement with our previous report, the major fall in hepatic ME content occurred between 1 Effect of thyroid hormone and high carbohydrate diet on ME activity. As indicated in Table II Some insight into the mechanistic basis of these interactions can be derived from a consideration of the proportional changes in enzyme levels induced by the two stimuli rather than by the absolute increment achieved. Ofinterest was the finding in every age group that the administration of T3 led to approximately the same proportional increase in ME levels, averaging 11-fold over the base line (Table II) . This was similar to the degree of steady-state induction, which we had previously reported as a consequence of T3 administration with the nuclear sites fully saturated and the animals maintained on a regular chow diet (15) . We have designated this an "amplified" response. Under physiological conditions the nuclear sites are onehalf occupied. Thus, the rate of response would simply double if the relationship between nuclear occupancy and response were linear. We have also shown that when animals are maintained on a high carbohydrate diet, the response to T3 changes from a highly amplified to a nearly linear response (2) . The present results confirm this finding and indicate that on the average there is only a 2.2-fold increase when animals at every age group are maintained on a high carbohydrate diet (Table II) .
In agreement with recent studies from this laboratory (4), the level of mRNA for ME in 1-mo-old rats was markedly increased after 4 d of the high carbohydrate diet. In contrast, little change could be detected in 1-yr-old rats. In both age groups, base-line levels of mRNA in uninduced animals were undetectable. Thus, the diminished response in ME to carbohydrate administration in the older rats appears to be reflected at the pretranslational level. These observations are clearly limited to the liver since brain ME levels neither fall with age nor do they respond to T3 administration (200 ,ug for 4 d) or a high carbohydrate diet for 4 d either at 1 or 12 mo (data not shown).
Relationship of hepatic ME level to food intake. The diminished basal level of ME in the aging rat and the decrease in responsivity to carbohydrate could be a reflection of decreased food intake, intrinsic diminution in responsivity of the liver, or both. In an attempt to resolve this issue measurements were made of the daily food intake in the 1-, 12-, and 18-mo-old animals studied in the experiments in Table II . Results Food consumption and total hepatic ME content in animals used in the experiment summarized in Table II . Hi CHO, high carbohydrate diet.
is apparent that there was a major decrease in food consumption per 100 g body wt in the older animals. The weight of food consumed by 12-and 18-mo old animals was approximately one-quarter of that consumed by 1-mo-old animals. Curiously, the daily food intake per 100 g body wt did not increase in the hyperthyroid compared to the euthyroid groups. Another unanticipated finding illustrated in Table  III was that despite the age-related fall in ME per milligram DNA the total hepatic content of ME was remarkably constant. It therefore appeared possible to relate at least in part, the diminished hepatic ME pool per 100 g body wt to a diminished food intake. Nevertheless, the calculations summarized in Table IV show that the livers of the older animals also exhibit a diminished accumulation of total ME per gram of food consumed. These findings suggest that both diminished food intake per 100 g body wt and a decrease in hepatocellular responsivity are responsible for the decline in ME levels per milligram DNA.
DISCUSSION
The present findings confirm previous results from our laboratory that show that the basal level of hepatic ME and the response of this enzyme to T3 administration decline with age. In ouir previous report (1) the oldest animal studied was 6 mo of age, whereas the range in the present series of studies was extended to 12 and 18 mo. Nevertheless, our current study showed that 12-and 18-mo-old animals exhibit only a modest further decline in basal enzyme level and response to T3 administration. Also in confirmation of Perhaps the most important results from the present series of studies was the striking correlation between the age-related decline in basal ME levels and the diminution in ME response both to T3 and to carbohydrate administration. Previous studies from a number of laboratories have indicated that ME, together with other lipogenic enzymes, is induced by a high carbohydrate low-fat diet (16, 17) . More recent experiments from our laboratory have established that there is a synergistic relationship between T3 and carbohydrates in the induction of ME and other lipogenic enzymes (2) . We postulated a multiplicative process between the signal created by the T3 nuclear interaction and that arising from the high carbohydrate diet. As a consequence, thyroidectonmy results in a sharp curtailment in the generation of ME by carbohydrate. Conversely, in starvation the response of ME to T3 is markedly inhibited (18) . The structural basis for this interaction is unknown and the nature of the signal that is elicted by the high carbohydrate diet has not been defined. Since fructose can interact with T3 in animals rendered diabetic with streptozotocin to induce ME, the carbohydrate-derived signal does not appear to be insulin itself (19) . Insulin, however, may play a permissive role in allowing normal intracellular metabolism of glucose, a process that is bypassed by fructose in the diabetic liver. Recent studies with isolated hepatocytes by Mariash et al. in our laboratory (20) have shown that glucose by itself is effective in the induction of ME enzyme in primary hepatocyte cultures. Thus, the carbohydrategenerated signal is either a glycolytic intermediate or a product of intracellular glucose metabolism. Other studies from our laboratory have shown that the induction of ME both by T3 and carbohydrate can be attributed exclusively to increased formation of the specific mRNA coding for ME (4) . Therefore, the high carbohydrate and T3 nuclear signals appear to interact at a nuclear level.
In the context of these considerations we were interested to find an age-related decrease in hepatic response to a high carbohydrate diet that appeared to parallel both the decrease in the basal enzyme contents per milligram DNA and the response to T3 administration. All three parameters exhibited the largest percentage fall between 1 and 6 mo. Despite the agerelated decrease in the mass of ME induced by T3, the relative or "fold-increase" in all age groups remained relatively constant (Table II) . This is precisely what one would anticipate if as previously postulated T3 serves to "multiply" the carbohydrate-induced signal.
In animals maintained on a high carbohydrate diet, T3 administration resulted in a much smaller (two to three)-fold increase. This again is in agreement with our previous results, which showed a much lesser degree of amplification by T3 maintained on a high carbohydrate diet (2) . We have speculated that the high degree of amplification observed on the Chow diet is due to the stimulation of carbohydrate metabolism by T3 leading to an augmented rate of generation of the putative carbohydrate-related factor. We should now like to propose that the combined administration of T3 and a high carbohydrate, fat-free diet results in the generation of a large abundance of the proposed intermediate or product directly responsible for ME induction, far in excess of what is required to drive the induction process at maximal rates. Our working hypothesis, illustrated in Fig. 5 , would serve to explain the finding (Table III) that the combined administration of T3 and diet increases the total hepatic ME mass to nearly the same level in all age groups studied. Under any circumstance, the current data strongly support our previous proposal that T3 acts as a multiplier of the carbohydrate dietary factor.
The concept that the hepatic ME response to T3 is linked to carbohydrate metabolism is strengthened by the observation that the level of brain ME enzyme does not fall with age and fails to respond either to T3 or to carbohydrate administration. Although our data do not exclude the possibility that ME in brain and liver are distinctive isoenzymes, the hepatic and brain enzymes were not distinguishable immunologically with the antiserum used in the present studies.
The mechanism leading to the demonstrated agerelated reduction in ME content per milligram hepatic DNA appears to have two components, a reduction in daily food intake per 100 g body wt and per total liver mass, and a decrease in hepatocellular responsivity to the administration ofcarbohydrate. The age-related decrease in hepatic responsivity to carbohydrate administration is apparent from the ratio of the induced hepatic ME mass and the daily weight of food consumed. The reduced hepatic responsivity may well be due to an impaired intracellular metabolism of glucose. Total Proximate Input Signal (arbitrary units) FIGURE 5 Hypothetical model to explain age-related changes in ME response to a high carbohydrate diet and to T3 administration. We assume that the ME response is governed by an input signal determined both by the amount of carbohydrate delivered to the liver and the thyroidal status of the animal. The input signal is expressed in arbitrary units, and the ME response system is postulated to be saturable. The postulated relationship between steady-state response and the input is represented by the function indicated. The input signal for liver ME on a regular diet for young (O) and old animals (0) is assigned arbitrarily a value of 1, since the total ME per liver in 1 mo and 18 mo animals is approximately the same (Table III) . Administration of carbohydrates to the young animals (O) results in an -10-fold increase, yielding a postulated signal strength of 10, whereas the input response of the older animal (O) is postulated to lead to a signal strength of only 2. (Responsivity of old animals to carbohydrate is -20%, Table IV .) T3 is postulated to cause a 10-fold increase in signal strength (Table II) yielding a value of 10 for young (*) and old (O) animals. Administration of T3 plus the high carbohydrate diet to old animals (4)) yields an input value of 20 (=2 x 10) and combined stimuli in young animals (*) a value of 100 (= 10 x 10).
Further studies are required to establish whether there is any relationship between this phenomenon and the documented impairment of glucose tolerance in the aging rat (21) . The impaired response in the level of specific mRNA sequences coding for ME in the carbohydrate-stimulated aging rat indicates that the basis of the defect resides at the pretranslational level.
Lastly, previous experiments have also shown that the level of the mitochondrial enzyme a-glycerophosphate dehydrogenase falls with age as does its response to T3 (1) . Unfortunately, little is known about the biological function of this enzyme. Nevertheless, by analogy with the present results it is at least theoretically conceivable that factors as yet unidentified are primarily responsible for inducing a-glycerophosphate dehydrogenase and that such inducers decline with age. One could thus hypothesize that T3 serves to multiply such a signal. Several examples of a coordinate interrelationship between T3 and other hormones have recently drawn considerable attention. Thus, the induction of the exportable hepatic protein a2u-globulin in the rat requires not only T3 but dihydrotestosterone and cortisol (22) . There also appears to be a synergistic interaction between cortisol and T3 in the induction of mRNA for growth hormone in rat pituitary tumor cells (23, 24) . These examples prompted the speculation that T3 may function in general by amplifying primary signals involved in genetic regulation. Recent studies have shown that receptors for T3 are bound to a 5.8S linker fragment in a portion of chromatin that is highly accessible to nuclease digestion and thus presumably to endogenous polymerase II action (25) . There also appear to be no gross differences in the susceptibility of chromatin from hypothyroid animals to nuclease digestion. These findings support the concept that T3 does not primarily increase the accessibility of genes but in some undefined fashion T3 in concert with other hormones and factors accelerates the rate of transcription or processing of specific mRNA sequences.
